Water pollution in the electrolytic manganese metal (EMM) industrial production process is a serious problem, and the manganese and ammonia nitrogen concentration in the rivers near EMM plants still exceeds the standards. An environment-friendly regeneration method of the manganese electrolyte (ME) that reduces the duration of the electrodeposition process and saves water resources for ME preparation in laboratories was proposed. Thus, electrolytic manganese metal powder (EMMP) was dissolved in ME and the addition of hydroxylamine sulphate altered significantly the dissolution effect of EMMP in ME. The provided ME regeneration scheme allows to extend duration of the Mn coating deposition process up to one week without changing ME, just only adding the electrolyte prepared by dissolving EMMP in an anolyte. EMMP losses did not exceed 5-7% from the mass of the electrodeposited Mn coatings on the cathode. Ammonium selenate was dissolved in ME by periodically dissolving 2% of the salt from the mass of the electrodeposited Mn coating on the cathode at an electrolyte temperature of 30-40°C.
INTRODUCTION
Electrolysis of aqueous solutions is widely used in metallurgical technology. The electrolytic manganese metal (EMM) is mainly produced through aqueous electrolysis [1] [2] [3] [4] [5] . EMM is an important alloying element [6] in the stainless steel industry, especially for production of low-carbon steels, and in nonferrous alloys [7] . It is reported that about 90% of EMM [8] is used for these purposes. In industry EMM in most cases is produced from ammonium sulphate media using ammonium sulphate on stainless steel sheets [9] [10] [11] . Although many types of additives have been reported [12] [13] [14] [15] , selenium containing compounds such as selenous acid, H 2 SeO 3 , ammonium selenate, (NH 4 ) 2 SeO 4 and SeO 2 remain to be widely used because of their high efficiency. Currently studies on nonselenium additives are being investigated [16] [17] , with respect to environmental problems, but SeO 2 still remains to be widely used as a relatively low-cost additive in the EMM industry.
Since China is the largest producer and exporter of EMM, in China the EMM industrial production process has been a serious problem because of water pollution [18] . It is reported that, in order to produce 1 t of EMM, approximately 1-3 t of wastewater are discharged into the environment [19] . Therefore the manganese and ammonia nitrogen concentrations in the rivers near to EMM plants still exceed the standards.
From the territory of Lithuania, the highest pollution to the Baltic Sea comes from the Nemunas River runoff: an average of 40.5 thousand t per year of total nitrogen (85% of the total amount of nitrogen originating in rivers entering the Lithuanian part of the Baltic Sea) [20] , of which waste from wastewater treatment plants accounts for 3.5%. Assessing the qualitative indicator of the concentrations of hazardous substances in the marine environment has revealed that Lithuania's Baltic Sea is not in a good condition, and heavy metals (especially Cu, Pb, Zn, Ni, Mn) exceeding the environmental quality standards in the Baltic Sea sediments indicate a long-term negative impact of these pollutants on the marine environment. In order to address the problem of eutrophication, the Baltic Sea Commission on Environment (HELCOM) has set nitrogen targets for each country. Lithuania by signing the declaration of the HELCOM Ministerial Meeting, held on 3 October 2013 in Copenhagen, made the commitment to reduce the effluent of nitrogen by 8970 t (19%) to the Baltic Sea over the period of 1997-2003.
The aim of the investigation was to find an environment-friendly regeneration method of ME in a laboratory, reduce the duration of the manganese electrodeposition process and save water resources for manganese electrolyte preparation.
EXPERIMENTAL Electrolysis
The electrolysis of the Mn coatings was investigated in a 25 L bath (240 × 240 × 500 mm), produced from PVC. For the electrodeposition of the Mn coatings the aqueous manganese electrolyte (ME) of the following composition was used: 170 g/L ammonium sulphate (NH 4 ) 2 SO 4 (Reakhim, 99.0%), 180 g/L manganese(II) sulphate (MnSO 4 × 5H 2 O, Reakhim, 99.0%) and 0.5 g/L (NH 4 ) 2 SeO 4 (Reakhim, 99.0%). The pH of the produced electrolyte was 3.9-4.0; during the electrolysis at 6.9-7.0 and 2.4-2.5; t = 20-60°C. The best quality, semi-glossy Mn coatings were obtained from the electrolyte with an (NH 4 ) 2 SeO 4 additive of 0.5 g/L concentration at 20-30°C and at a cathodic current density (j c ) of 4-15 A/dm 2 ( Fig. 1 ). The thickness of the electrodeposited Mn coatings was 20-40 μm at optimal current densities of 6-12 A/dm 2 . Mild carbon steel St-3 (GOST 380-94), equivalent to steel ASTM 570 grade 36, containing 0.22% C, 0.5% Mn, 0.1% Si, 0.04% P, 0.05% S plates with the square area 6.4 dm 2 , was used as a cathode. The surfaces of the electrodes were polished using a felt wheel and the polishing paste Fareda Paste Compound G3, degreased by Vienna lime (mixture of 60% CaO and 40% MgO powders) and dipped into a 2% solution of sulphuric acid. All chemicals were of analytically pure grade (Aldrich and Reakhim, Russia). Twice distilled water was used in the preparation of the solutions.
Four Pb-1%Ag alloy plates [21] [22] [23] coated with a MnO 2 film [24] were used as inert anodes. Such anodes are widely used in industry for electrodeposition of Mn and its alloy with Ni and Zn [25] [26] coatings. They were produced by alloying Pb with Ag and a subsequent anodic pretreatment in manganese-ammonium sulphate electrolyte with a small amount of a NH 4 Br additive. PVC fabric diaphragms were used for separating cathodic and anodic compartments in the electrodeposition cell.
Dissolution of EMM powder in ME 0.5 g of electrolytic manganese metal powder (EMMP) was dissolved in 200 mL of ME. The dissolution rate of the EMMP sample in the ME was determined by measuring the volume of evolved hydrogen using the scheme shown in Fig. 2 . The dissolution duration until the complete dissolution of EMMP in ME and the transparency were also evaluated. EMMP was manufactured from flakes (diameter 3-4 cm, thickness 1-2 mm) of EMM Мн998 (Georgia, Mn 99.8%, C 0.04%, P 0.003%, S 0.03%) by milling in a vibrating disc mill Pulverisette 9 (milling bodies produced from WC). EMMP was passed through a sieve 016 with a diameter of 0.3 mm. Only this EMMP fraction was used.
Hydrazine is used for production of Co from Co hydroxide [27] . But hydrazine is very poisonous and aggressive for environment. Therefore, an environment-friendly reducing agent hydroxylamine was chosen. Hydroxylamine salts were used to improve dissolution of EMMP in electrolytes, therefore, hydroxylamine sulphate (analytically pure grade, Reakhim, Russia) was selected. It is known that dilute aqueous solutions of hydroxylamine salts are stable, whereas concentrated ones (especially in the base medium) decompose into ammonia, nitrogen and dinitrogen oxide [28] . 
XRD and microhardness
The structure of electrodeposits was investigated by XRD using a Bruker diffractometer (model D8 Advance), and diffraction patterns were identified using the PDF-2 database. The morphology and detailed elemental analysis of the surface of electrodeposits were investigated using a scanning electron microscope (SEM) with an energy dispersive X-ray (EDX) spectral analyser (Jeol model DSM-5400 LV).
The microhardness by Vickers HV and the internal stresses σ of Mn coatings were measured by the methods which were described in detail in the previous paper [12] .
RESULTS AND DISCUSSION

Dissolution of EMMP in manganese electrolyte
It has been determined that the hydroxylamine additive slightly affects the pH of ME (∆pH 0.2-0.3), but significantly altered the dissolution effect of EMMP, and was especially evident in the production of produced ME at pH 3.9-4.0. The amount of hydrogen released by dissolving EMMP was significantly reduced. However, this does not mean that the dissolution of EMMP has worsened. In contrast, EMMP in ME containing a hydroxylamine additive dissolved much faster than in electrolytes without a hydroxylamine additive. This can be explained by the fact that besides the main EMMP dissolution reactions in ME
reaction without hydrogen emission occured:
Ammonia take part in the formation of manganese-ammonia complexes [4] or in the reaction with water, form ammonium ions:
The electrolyte containing the hydroxylamine additive, after dissolving it in EMMP, was more transparent and contained less insoluble solids than the electrolyte without a hydroxylamine additive. Control of the concentration of the hydroxylamine sulphate additive in ME was unnecessary as its concentration decreased rapidly during the electrolysis. The effect of the hydroxylamine additive on the neutralization of EMMP in the neutral electrolyte was lower (less hydrogen was released), since part of hydroxylamine was used for the reduction of Mn 2+ oxidation products to higher Mn valence compounds.
Increasing the amount of the hydroxylamine sulphate additive from 0.25 to 5.0 g/L led to the decrease of the volume of evolved hydrogen and the total dissolution duration of the EMMP sample. This indicates an increase in the proportion of reaction 3 in the dissolution. This is especially evident in ME with pH 3.9-4.0 (Fig. 3) .
Mn coatings can also be precipitated from an acidic ME at pH 2.5. Data on the dissolution of EMMP in an acidic electrolyte pH 2.5 is provided in Fig. 4 . Only a slightly decrease in the total amount of soluble electrolytes was observed.
In a neutral electrolyte at pH 7.0 (Fig. 5 ) and a hydroxylamine additive concentration of 0.25 g/L, the total mass of the additive was used to reduce the Mn(II) compounds, the passivity of the EMMP surface with air oxygen Fig. 2 . The investigation scheme of EMMP dissolution in ME: 1, flask with manganese electrolyte; 2, EMMP; 3, tube; 4, crystallizer with water; 5, burette; 6, the hose, which is pressed with a clamp Based on the data provided above, it can be concluded that the addition of hydroxylamine sulphate affects the better dissolution of EMMP. The optimal concentration of hydroxylamine sulphate in acidic ME (pH 2.5) is 1.25 g/L, and in neutral ones (pH 7.0) it is 2.0 g/L. But the acidic ME was not subsequently investigated, because the current efficiency of the coatings is 6-10% lower than that of neutral electrolytes.
Regeneration schemes
It has been determined that for the electrodeposition of high quality manganese coatings the filter has been made from cotton fabric of medium density. The use of a denser fabric (flannel) is impossible due to blocking of pores with finely dispersed Mn(OH) 2 and MnO 2 residues of insoluble EMMP, and hydrogen bubbles. When one filtration element was used, cleaning of the filter clogged with the Mn(OH) 2 or MnO 2 precipitate took place for ~2 h, while the continuous electrolysis process discontinued.
Therefore, it was decided to perform regeneration with two filtration elements from the flannel fabric, so that it would be possible to work without problems with one or another filtration element 1 at the same time (Fig. 6) . The operating time of one or another filtration element before it was blocked at electrolyte pH of 6-7 did not exceed 1 hour.
This was the challenge in the regeneration process and Mn coating electrodeposition. The main reason was the high pH value of the electrolyte in the regenerator, which allowed formation of slightly soluble manganese compounds in the electrolyte layer at the surface of the dissolved manganese. It is known that during electrolysis with insoluble Pb1%Ag alloy anodes, the electrolyte is acidified by the evolution of oxygen leading to the increase in the concentration of hydrogen ions. A new scheme (Fig. 7) was used in which an acidic electrolyte (anolyte) with pH 2.3 was used to accelerate the dissolution of the added EMMP.
The new regeneration scheme allowed continuous electrolysis. The regenerator was comprised of a dish consisting of 7 sections connected by gaps. The first one was intended for EMMP dissolution in ME. The dissolution was carried out using a mechanical stirrer. The anolyte was pumped into this section. On the bottom of sections 2 to 4, EMMP and insoluble Mn products accumulated on the bottom of the compartment. On the surface of sections 2-4, a hydrogen foam released during the dissolution formed. In section 5, EMMP and insoluble products were finally dissolved and the electrolyte pH was adjusted. In section 7, the electrolyte was finally settled and supplied to the cathode zone.
EMMP together with the hydroxylamine sulphate additive was poured into the regenerator periodically. In order to increase the dissolution rate of EMMP and to prevent the formation of insoluble Mn products, the mass of hydroxylamine sulphate was 10-15% higher than the mass of the electrodeposited Mn coating. The volume of the 1st section in the experiment was 15 L. In order to thoroughly dissolve the EMMP and manganese oxide or hydroxide sediments and clear off the ME, the remaining 6 sections were 3-4 times larger than the volume of section 1. For improving the solubility of EMMP, the hydroxylamine sulphate additive must be used, and experiments showed that EMMP losses did not exceed 5-7% from the mass of the electrodeposited Mn coatings on the cathode. These losses were estimated in the 1st section by adding EMMP. The regeneration efficiency, dissolution rate, and the quality of the electrodeposited Mn coatings were enhanced, when the cathodic zone in the electrolysis bath was separated from the anode zone by a diaphragm made from a compressed PVC tissue.
The pH of the produced ME was 3.9-4.0. Before use, the pH value of ME was adjusted to 6.9-7.0 using 10-12% aqueous ammonia. Adjustments of the electrolyte components was performed once per 8-hour shift. Ammonium selenate was dissolved by periodically (after each electrodeposition of the Mn coating on a specimen) dissolving 2% of the salt from the mass of the electrodeposited Mn coating on the cathode at an electrolyte temperature of 30-40°C. The loss of ammonium sulphate was very slight. Once a week, the bath was cleaned and filtration elements and anodic coating were replaced optionally.
Operational conditions for electrodeposition manganese coatings using scheme 2 is summarized in Table 1 . Hard, brittle (Table 2) , fine grained (Fig. 8) and smooth deposits of the α-Mn containing 0.63% Se mainly as MnSe (Fig. 9) were obtained.
The presence of oxygen in Mn coatings indicates the formation of oxide/hydroxide on the manganese surface. In Fig. 8 . XRD diffraction patterns of electrodeposited Mn coatings from ME at current density j c = 10 A/dm 2 and t = 30°C The results of EDX showed that the amount of oxygen in the Mn coatings electrodeposited during 1-24 h and one week was increasing (5.55 and 9.64, respectively). This may be due to the fact that, over time, insoluble manganese compounds have produced in electrolyte that incorporate in Mn coating and its quality decreased. This shows that it is time to clean the filtration elements.
CONCLUSIONS
An environment-friendly regeneration method of manganese electrolyte (ME) that reduces the duration of the Mn coatings electrodeposition process and saves water resources for ME preparation was proposed. EMMP was dissolved in ME and a hydroxylamine sulphate additive significantly altered the dissolution effect of EMMP in ME.
The provided ME regeneration scheme allows one to extend duration of the Mn coating deposition process up to one week without changing the ME, but only by adding an electrolyte prepared by dissolving EMMP in an anolyte with pH 2.3. High-quality α-Mn coatings with 80% of current efficiency were electrodeposited. EMMP losses did not exceed 5-7% from the mass of the electrodeposited Mn coatings on the cathode. Ammonium selenate was dissolved in ME by periodically dissolving 2% of the salt from the mass of the electrodeposited Mn coating on the cathode at an electrolyte temperature of 30-40°C. The loss of ammonium sulphate was very slight. Once a week, the bath was cleaned and the filtration elements and anodic coating were replaced optionally.
